Abstract-A highly sensitive refractive index sensor based on grating-assisted strip waveguide directional coupler is proposed. The sensor is designed using two coupled asymmetric strip waveguides with a top-loaded grating structure in one of the waveguides. Maximum light couples from one waveguide to the other at the resonance wavelength, and the change in resonance wavelength with the change in refractive index of the medium in the cover region is a measure of the sensitivity. The proposed sensor would be an on-chip device with a high refractive index sensitivity of ~ 10 4 nm/RIU, and negligible temperature sensitivity (< 1nm/ 0 C). The sensor configuration offers a low propagation loss, thereby enhancing the sensitivity. Variation of the sensitivity with the waveguide parameters of the proposed sensor have been studied to optimize the design.
INTRODUCTION
Application of silicon photonics based devices as a refractive index sensor has attracted considerable attention because of their fast response time, compactness, high compatibility with on-chip devices, higher sensitivity and stability. Some of these silicon photonic sensors employ directional couplers [1] , coupled slot waveguides [2] , and micro-ring resonators [3] . Such refractive index sensors find applications in bio-sensing and chemical sensing [4] .
Generally, there are two optical methods used for sensing: the label based sensing and the label-free sensing [5] . Label based sensing requires the sample preparation before the sensing, whereas no sample preparation is required in case of label-free sensing. The label-free guided wave optical sensors are based on interaction with the evanescent field present in the cladding of the optical waveguide. If the sensing material is impressed in the cladding (or if it forms the cladding) of the waveguide, the propagation characteristics of the waveguide are directly influenced by the perturbation in the sensing area. Some of the sensors which use the label-free method are refractive index sensor [6] , absorption sensor [7] and temperature sensor [8] .
Various waveguide designs such as slot, strip and rib waveguides in silicon photonics have been proposed to increase the sensitivity of the sensor [9] [10] . Till date, slot waveguide structures are extensively used for silicon photonics based refractive index sensors [11] [12] [13] [14] .
Grating-assisted strip waveguide directional coupler based components have found various applications, such as contra directional coupler [15] , micro ring resonator [16] , optical wavelength filter [17] , etc. Grating-assisted slot-strip waveguide structure has also been studied for sensor applications [18] . The sensitivity of the sensor is also affected by the propagation loss, which broadens the peaks at the resonance wavelength, which in turn reduces the sensitivity of the sensor. These losses are usually due to the sidewall roughness and leakage into the substrate. Since the propagation losses are higher in slot waveguides, in comparison to that in strips waveguides [19] , the sensitivity of strip waveguide based sensors are expected to be higher.
In this paper, we propose a highly sensitive refractive index sensor based on grating-assisted strip waveguide directional coupler. We have studied the refractive index sensitivity and temperature dependence of the sensor by tailoring the waveguide parameters, and found that the proposed configuration offers high refractive index sensitivity and very low temperature sensitivity. We have studied the propagation losses of the strip waveguide and optimized the width for low propagation loss. In Section II, we have presented the configuration and principle of working of the proposed sensor. Section III includes simulation results and discussion. Section IV describes the temperature dependence of the sensor, followed by the propagation losses in Section V. The findings are summarized in conclusion.
II. Sensor Configuration and Working Principle
The proposed waveguide sensor (see Fig. 1 ) comprises of two parallel non-identical strip waveguides of Si3N4, over SiO2 substrate, placed side by side with a separation of 2d. A refractive index grating is formed on top of one of the waveguides of the directional coupler, and with an overlay of SiO2. The period of the grating is chosen such that the phase-shift introduced by the grating provides phase matching between the two nonsynchronous waveguides. The two waveguides have different effective refractive indices (i.e. non-synchronous in phase) of the two guided modes, and very little evanescent coupling would take place between them. Therefore, the grating is used to achieve phase matching between these two modes. The grating period Λ is chosen, such that maximum light gets transferred from one waveguide to the other at a wavelength λr, called the resonance wavelength; the corresponding phase matching condition is given by
n n  where neff1 and neff2 are the effective indices of the two normal modes of the coupled waveguide structure. Eq. (1) shows that the grating-assisted directional coupler is wavelength selective. If a broad-band light is launched into Waveguide 1, light at the resonance wavelength λr gets coupled into Waveguide 2, with a band-pass spectrum, and the residual power, corresponding to the bandrejection spectrum remains in Waveguide 1. As the refractive index of the external medium changes, the effective indices of the two modes change and the resonance wavelength shifts. The sensitivity of the sensor is given by [20] Ng1 and Ng2 are the group indices of the two normal modes; ΔN represents the difference in the variation of the effective indices of the two modes with the refractive index of the external medium.
III. Simulation Results and Discussion
Figures 2 (a) and (b) show the electric field (Ex) distributions in the two waveguides which are numerically computed by using full vectorial approach (COMSOL). The coupled waveguide structure supports both TE (Transverse Electric) and x TM (Transverse Magnetic) polarizations, and we have considered both polarizations in the following sensor analysis. The waveguide parameters used in the sensor configurations are a1 = 1µm, a2 = 800nm, 2d = 900nm, b = 455nm, nex = 1.333 and resonance wavelength λr = 1.55µm: these parameters are typical of single mode Si3N4 waveguides fabricated on SiO2 substrate [10] . Figure 3 shows the variation of the sensitivity with the height b of the waveguides. As expected the sensitivity decreases with increasing values of b. We have observed that the sensitivity remains high with a good confinement of the field for ~ 455nm. With these parameters, the sensitivity of the sensor for TE and TM polarizations are found to be 1.59×10 4 nm/RIU and 1.11×10 4 nm/RIU, respectively, which is almost 10 times higher than that of the sensitivity reported in ref [18] .
We further optimized the spacing between the two waveguides and width of the Waveguide 2. Figure 4 shows the variation of the group index difference and the corresponding variation of the sensitivity with the spacing between the two waveguides. The group index difference of the TE polarization is lower than that for the TM polarization, and it slightly increases with the spacing between the two waveguides. Since the sensitivity is inversely proportional to the group index difference (ΔNg), the sensitivity decreases slightly with the spacing between the two waveguides, and it is slightly higher for the TE polarization than that for the TM polarization. Figure 5 shows the variation of the group index difference with the width of Waveguide 2 for both TE and TM polarizations. The group index difference increases with the width a2 of Waveguide 2. It changes sign from negative to positive as a2 increases, and it is close to zero when a2 is ~ 855nm and ~ 935nm for TE and TM polarizations, respectively. inversely proportional to the group index difference (ΔNg), it increases drastically when the group index difference is close to zero. Hence one can achieve very high sensitivity just by tuning the width a2 of Waveguide 2. Figure 7 shows the dynamic range of the sensor, for three values of a2 = 800nm, 850nm and 900nm. The sensitivity increases with the refractive index of the external medium and it peaks at refractive index values of 1.60, 1.55 and 1.50 for waveguide widths (a2) 800nm, 850nm and 900nm, respectively. As we further increase the refractive index of the external medium, the sensitivity starts decreasing because of severe degradation of mode confinement in the core of Waveguide 2, which limits the dynamic range.
IV.
Temperature Sensitivity:
The temperature sensitivity of the resonance wavelength is proportional to the temperature dependence of the effective refractive indices, and can be derived from Eq. (1), and expressed as [21]   ) 5 ( core, cladding and the external medium, respectively [18] . Considering the wavelength dependence of the effective indices, Eq. (5) becomes: Figure 8 shows the variation of the temperature sensitivity with the spacing between the two strip waveguides; all parameters used are the same as those used in Fig. 4 . For both TE and TM polarizations, it decreases slightly as we increase the spacing between the two waveguides
V. Propagation loss
To study the propagation loss of the proposed sensor, we have used a numerical model in which the experimentally measured propagation loss for a set of parameters are considered as a reference to estimate the propagation loss for the proposed waveguide structure. It was introduced for the first time in the ref [22] and shown to be in good agreement with the measured values. As a reference, we have used the measured propagation loss of 4dB/cm for a Si3N4 waveguide of width 1µm and height 500nm with SiO2 cladding [23] . In the absence of experimental data on propagation loss in Si3N4 waveguides for TE and TM modes, we have assumed about 25% higher loss for the TM modes to estimate the propagation loss of the proposed structure. This is reasonable considering the reported results on the differential loss in TE and TM modes in strip waveguides of other materials [22] [23] [24] . In the waveguide structure analysed by COMSOL, two side walls of width t = 10nm are introduced on each side of the waveguide (see Fig.  9 ). The propagation loss due to scattering from the side walls of the waveguide are included by adding an imaginary part of the refractive index for the wall region in the model. The propagation loss in dB can be write in the form [22] ) 7 ( 57 . 54
where neff_img is imaginary part of the effective index and z is the length of the waveguide. First, the simulation was done in COMSOL to iterate the complex refractive index of the side walls corresponding to a measured value of the propagation loss. Once we get the complex refractive index (ncore+inwall, where ncore is the refractive index of the core and nwall is the imaginary part of the refractive index, representing the loss due to wall roughness) of the wall region. Using the complex refractive index of the waveguide, we have calculated the complex effective index of the propagating mode, neff_r -ineff_img. The imaginary part of the effective index is then used to estimate the propagation loss for the proposed waveguide structure. Figure 10 shows the variation of the propagation losses with the width of the waveguide. The propagation loss decreases as we increase the width of the waveguide, for a fixed wall thickness. To reduce the propagation loss, one can increase the width of the waveguide, however it should remain single moded. Figure 11 shows the variation of the propagation loss with the wall thickness. As expected, the propagation loss increases with the wall thickness. However, it was tested that the simulation results are independent of the wall thickness t by carrying out the simulation for the wall thickness t = 5nm and 10nm. In our calculation, we have used the wall thickness 10nm. 
VI.
CONCLUSION We have presented the design and simulation results of a refractive index sensor based on gratingassisted strip waveguide directional coupler. The sensor consists of two coupled asymmetric strip waveguides, and the phase matching is achieved by the grating structure. The proposed sensor is highly sensitive with a sensitivity of ~ 10 4 nm/RIU. The dynamic range of the sensor has also been estimated. We have also studied the variation of the sensitivity with the waveguide parameters and the temperature dependence of the sensor. The propagation losses of the strip waveguides are minimized to achieve a better sensitivity. References:
